[1] A large-scale geographical study of the ice pack in the seasonal ice zone of the Weddell Sea, Antarctica, took place from September to October 2006. Sea ice brines with a salinity greater than 58 and temperature lower than À3.6 C were sampled from 22 ice stations. The brines had large deficits in total alkalinity and in the concentrations of the major dissolved macronutrients (total dissolved inorganic carbon, nitrate, and soluble reactive phosphorus) relative to their concentrations in the surface oceanic water and conservative behavior during seawater freezing. The concentration deficits were related to the dissolved inorganic carbon-consuming processes of photosynthesis, CaCO 3 precipitation, and CO 2 degassing. The largest concentration deficits in total dissolved inorganic carbon were found to be associated with CaCO 3 precipitation and CO 2 degassing, because the magnitude of the photosynthesis-induced concentration deficit in total dissolved inorganic carbon is controlled by the size of the inorganic nutrient pool, which can be limited in sea ice by its openness to exchange with the surrounding oceanic water.
Introduction
[2] When seawater freezes, the salts and gases dissolved in the parent seawater mass are quantitatively expelled from the ice crystal matrix, raising the ionic strength (salinity) at the ice-seawater interface [Cox and Weeks, 1983] . A large part of the expelled dissolved salts escapes the growing ice by gravity drainage into the underlying seawater, contributing to the generation of deep water masses via vertical dense water transport over polar continental shelves [Toggweiler and Samuels, 1995; Anderson et al., 2004; Arrigo et al., 2008; Jutterström and Anderson, 2010] , with the remainder forming the brine in pockets and channels within the sea ice [Petrich and Eicken, 2010] . As ice temperature decreases, the salinity of the brine inclusions increases and their size decreases, the latter determining their connectivity within the ice, with the atmosphere above, and with the underlying seawater [Perovich and Gow, 1996; Petrich and Eicken, 2010] . In turn, this controls the fluxes of dissolved and gaseous substances from consolidated sea ice across its interfaces with the atmosphere and the ocean.
[3] There has been growing interest in sea ice as a significant boundary in the air-sea interaction in polar oceans, through which carbon compounds, among others, transform and migrate, with brine inclusions being the central conduit in this respect [Loose et al., 2011a; Rysgaard et al., 2011; Geilfus et al., 2012] . The exchange of CO 2 between the atmosphere and the upper oceanic waters in ice-covered seas through openings in the ice pack [Loose and Schlosser, 2011] , such as leads and polynyas, had been thought to be the sole pathway until recently, when a number of studies identified either direct or indirect evidence for exchange between the sea ice and the atmosphere [Delille et al., 2007; Tison et al., 2008; Loose et al., 2011b; Miller et al., 2011; Geilfus et al., 2012] . These advances in our understanding have uncovered the potential for a two-way CO 2 migration over a large expanse (approximately 10%) of the global ocean previously thought to be impervious to such an exchange with the atmosphere.
[4] The concentration gradient across sea ice between the atmospheric and the surface oceanic CO 2 reservoirs in ice-1 covered seas will be modulated by the CO 2 system in the sea ice brine and its continuous adjustment consequent on the biogeochemical processes in this porous medium over seasonal cycles [Delille et al., 2007; Papadimitriou et al., 2007; Munro et al., 2010; Geilfus et al., 2012] . Since the study of polar CO 2 dynamics is in its relative infancy, especially in sea ice-covered regions, it is important to understand the regulatory mechanisms, and their spatial and temporal character in the dynamic physical and biogeochemical environment of sea ice. One such mechanism is CO 2 degassing, documented during the early stages (in the order of 1 month) of sea ice formation and growth under experimental conditions [Killawee et al., 1998; Papadimitriou et al., 2004] . Based on data of total dissolved inorganic carbon (C T ) and its stable isotopic composition (d 13 C T ) in natural sea ice in Ross Sea, Antarctica, in late austral spring conditions, this process has been estimated to have been responsible for between 10 and 100% of the C T concentration deficit seen in the cold upper sea ice layers [Munro et al., 2010] . It has further been calculated that the lower limit of this range would be sufficient to cause a CO 2 efflux from the sea ice-covered polar seas in the order of 0.7 Pg C yr À1 [Munro et al., 2010] . Another mechanism is CaCO 3 mineral authigenesis in sea ice brines, which affects the parameters of the CO 2 system in the brines, such as total alkalinity (A T ), C T , and the partial pressure of carbon dioxide (brine pCO 2 ). The CaCO 3 mineral phase has been documented as ikaite in both Arctic and Antarctic pack ice [Dieckmann et al., 2008 [Dieckmann et al., , 2010 , but its formation-dissolution cycle in the polar oceans is still unknown. Finally, biological activity in the many micro-habitats in sea ice cycles carbon and other biophilic elements concentrated in the brines between the mineral and organic reservoirs, causing dramatic changes in the parameters of the CO 2 system, such as pH and brine pCO 2 [Gleitz et al., 1995; Kennedy et al., 2002; Papadimitriou et al., 2007] .
[5] The variability in temperature and brine salinity in sea ice is considerable, with large ranges for both parameters over spatial scales, such as with depth in the ice column, and temporally during an annual cycle. These ranges extend from the freezing point of seawater at the ice-seawater interface (À1.85 C at a salinity of 35) to the much colder conditions at the top of ice floes (<À10 C, brine salinity >156). This essentially translates into strong seasonality of the physical, chemical, and biological parameters that regulate the dissolved inorganic carbon species within this idiosyncratic air-sea boundary Geilfus et al., 2012] . One step forward would be to translate the measurements of biogeochemical parameters in sea ice, such as dissolved inorganic nutrients and total alkalinity, into potential fluxes of carbon within and out of the sea ice system via the major processes outlined above. This study describes measurements of the concentration of the major dissolved inorganic nutrients and two of the four directly measurable parameters of the CO 2 system in brines from a campaign to the seasonal ice zone (SIZ) in the western Weddell Sea, Antarctica, in the transition from winter to spring. Using this data set, we quantify the relative importance of the biological and abiotic inorganic carbon cycles in sea ice, which was predominantly less than one ice season old.
Study Sites
[6] The study was conducted in September and October 2006 during the Winter Weddell Outflow Study (WWOS) onboard R. V. Polarstern along an east to west transect between 60 to 61 S and 40 to 52 W, and a northeast to southwest transect between 60 S and 65 S, in the northwestern Weddell Sea [Lemke, 2009] . Brine samples and companion ice cores were retrieved at 22 ice stations during a 38-day period (Figure 1 ). The brine samples were obtained with the sackhole sampling technique [Gleitz et al., 1995; Papadimitriou et al., 2007] by drilling six partial boreholes in a snow-cleared 1 m 2 surface of the sea ice. After allowing the brine from the surrounding sea ice to percolate into the holes, the brine temperature was taken and aliquots for A T determination were collected in 60 mL borosilicate glass bottles using a plastic syringe and Teflon tubing. Brine aliquots for the measurement of the concentration of the major dissolved inorganic macronutrients (including C T ) were collected and kept in 20 mL plastic syringes to capacity until further processing in the onboard laboratory within 1 h of collection. The aliquots for C T analysis were filtered through a cellulose nitrate syringe filter (0.45 mm, Sartorius) into HgCl 2 -poisoned 10 mL glass ampoules, which were stored flame-sealed under a nitrogen atmosphere for analysis in the home laboratory. Aliquots for the determination of the remainder dissolved inorganic macronutrients were filtered through GD/X syringe filters (WHATMAN) directly into acid-washed 20 mL plastic scintillation vials and were stored frozen (À20 C) until analysis in the home laboratory. Complete ice cores were collected within 20-50 m distance from the sackhole-cored patch of the sea ice and were immediately sawed into 10 cm segments straight into plastic containers for further processing in the onboard laboratory after refrigerated melting. The ice temperature measurements were taken in a separate companion core on site by embedding a temperature probe in holes drilled to the center of the core at regular 5-10 cm intervals. All coring was conducted with a stainless steel ice corer (Kovacs, 10 cm internal diameter). Additional sampling details are given in Papadimitriou et al. [2007] and Norman et al. [2011] , while physical characteristics of the ice have been reported in Haas et al. [2009] . The surface seawater measurements presented here were selected from oceanic water profiles at 43 stations, which were collected using 12 L NISKIN bottles on a rosette sampler deployed with a conductivity-temperature-density (CTD) probe. The selection reflects oceanic water from <100 m depth in pelagic stations and <350 m depth in continental shelf stations.
Methods
[7] The temperature of brines and with depth in sea ice cores was measured in situ with a calibrated K-Thermocouple probe on a HANNA Instruments thermometer (HI93530). The salinity (S) of melted bulk sea ice and brines was measured at laboratory temperature (17 to 22 C) using a portable conductivity meter (SEMAT Cond 315i/SET) with a WTW Tetracon 325 probe, following dilution with de-ionized water for brines with S > 70. The porosity of sea ice (V b /V), expressed as the percent fraction of brine volume (V b ) per unit volume of bulk ice (V), was calculated from the measured bulk sea ice salinity and temperature using the equations in Cox and Weeks [1983] and in Leppäranta and Manninen [1988] .
[8] The analyses for the major dissolved inorganic nutrients, nitrate plus nitrite [hereafter, nitrate (NO 3 À )] and soluble reactive phosphorus (SRP) were done using standard colorimetric methodology [Grasshoff et al., 1983] as adapted for flow injection analysis (FIA) on a LACHAT Instruments Quick-Chem 8000 autoanalyzer [Hales et al., 2004] . Dissolved ammonium (NH 4 + ) was determined with the fluorimetric method of Holmes et al. [1999] using a HITACHI F2000 fluorescence spectrophotometer. Total alkalinity (A T ) was determined by potentiometric titration of 50 mL sample with 0.1 mol L À1 HCl (Titrisol, Merck, Germany) using a Metrohm system of automatic burette, pH meter, platinum temperature probe, Ag/AgCl/KCl reference electrode, and glass electrode calibrated daily with NBS standards. Based on the Gran function, F 2 = (V o + V HCl ) 10
ÀpH NBS = f H + (V 2 + V HCl ) N HCl , linear regression of F 2 against V HCl within pH ≈ 3.9 to 3.0 (>15 data points) yields V 2 from the intercept and A T = V 2
, with V o = sample volume, V HCl = volume of added acid, f H + = apparent activity coefficient of H + , a function of solution composition and temperature, as well as the electrode used for the measurements [Millero, 1995] , V 2 = second equivalence point, and N HCl = acid normality [Gleitz et al., 1995] . Determination of A T on CRMs (A. G. Dickson, Scripps Institution of Oceanography) yielded 2315.20 AE 0.99 mmol kg À1 for Batch #74 (n = 3, certified A T = 2305.34 AE 0.68 mmol kg À1 , S = 34.739) and 2221.35 AE 3.13 mmol kg À1 for Batch #75 (n = 3, certified A T = 2210.09 AE 0.68 mmol kg À1 , S = 33.228). The C T concentration was determined following in vacuo reaction with 85% H 3 PO 4 and cryogenic CO 2 gas distillation, using 
Ás½C T , with i = photosynthesis (P), CaCO 3 precipitation (ppt), CO 2 degassing (degas)
an in-line manometer (CHELL). Analysis of CRM (Batch #87, certified C T = 2012.01 AE 0.62 mmol kg À1 , S = 33.191) yielded C T = 2008.69 AE 3.29 mmol kg À1 (n = 17).
[9] All concentrations are reported on a per kg solution basis. While C T was determined on a per unit weight basis, all other measurements were done on a per unit volume basis and were converted using the density of the sample at the temperature of analysis. The density was calculated by extrapolation of the equation of state for seawater in Millero and Poisson [1981] to the sample salinity, because the major ionic composition of sea ice-derived solutions reflects physical modification of that of oceanic water.
[10] Salts and gases dissolved in seawater are affected by physical concentration in the residual brine formed during seawater freezing. The physical concentration effect is reflected in the salinity of the brine and was eliminated by normalizing all concentration measurements to S = 35, thus uncovering any potential deviations of the concentrations in the brine from the surface seawater composition by processes other than its physical modification during seawater freezing. Linear regression was based on the Geometric Mean Regression theory [Ricker, 1973] . All parameters used in this study are defined in Table 1 .
Results

Surface Seawater
[11] The salinity and temperature of the surface oceanic water during the study ranged from 34.02 to 34.58 and from À1.89 to À1.11 C, respectively. The measurements of the composition of surface seawater during the study are summarized in Table 2 . Considering equivalent measurements in different seasons (Table 2) , it is evident that the composition of the surface seawater in the western Weddell Sea exhibits invariable A T but variation in the concentration of the major macronutrients, with a decrease in the summer to autumn period and an increase in late winter as a result of biological activity, air-sea exchange, sea ice melting, and transport across the pycnocline of nutrient-rich Warm Deep Water (WDW) [Hoppema et al., 1995 [Hoppema et al., , 1999 . The surface seawater composition is required to assess the changes in the chemical composition of the brines formed during sea ice formation. The precise location and time of formation of a sea ice floe are not known, but the compositional variability in surface oceanic water from autumn through to early spring (Table 2) is small compared to the geochemical changes in the sea ice brines outlined below. Hence, the contemporaneous composition of surface seawater was used as a reference point in subsequent analysis, with the following mean (AE1s) Table 1 for detailed definitions).
Bulk Ice
[12] The ice thickness ranged from 88 cm (sackhole depth range at the site: 24 to 46 cm) to 190 cm (sackhole depth range: 25 to 64 cm). The chlorophyll maxima [Meiners et al., 2009; Norman et al., 2011] were observed in the lowermost 10 cm section of the ice in all cases except on 2 occasions, when the chlorophyll maximum was located in the uppermost part of the ice, and on 1 occasion, when it was located internally approximately at mid-point in an 101-cm-thick ice floe. The bulk ice temperature ranged from À8.8 C to À1.8 C, with the lowest values recorded in the upper 40 to 50 cm of the ice on most occasions, and the maximum values always in the lowermost 5 to 10 cm near the ice-seawater interface (Figures 2a-2d) . The exceptions to this linear temperature increase from the uppermost to the lowest ice surfaces were the C-shaped profiles collected on 30 September 2006 , 5 October 2006 , and 13 October 2006 . The mean (AE1s) bulk ice temperature at each ice station ranged from À2.2 AE 0.3 C to À5.3 AE 1.8 C. The bulk ice salinity ranged from 0.4 to 14.1, exhibiting mostly C-shaped profiles with depth in the ice, except for the profiles obtained at the initial ice stations (Figure 2e ), which had salinity peaks at various depths in the ice column, indicating a complex thermal and growth history in these ice floes. The mean (AE1s) bulk ice salinity at each ice station ranged from 2.9 AE 1.3 to 6.9 AE 1.6. Neither the temperature nor the salinity profiles showed a discernible spatial or temporal trend.
[13] The ice porosity ranged from 0.2% to 25.7%, with a depth distribution in the ice column similar to that of bulk ice salinity (Figures 2i-2l ). The mean (AE1s) ice porosity ranged from 3.5 AE 2.0% in the coldest ice cores collected on 19 September 2006 to 11.0 AE 5.6% in the warmest ice cores collected on 24 September 2006. Small-scale connectivity between pores and channels in sea ice is established at ice porosities above 5 to 7% [Cox and Weeks, 1975; Golden et al., 1998; Pringle et al., 2006] . On this basis, the coldest upper part of the ice was impermeable in the majority of the ice stations. The ice was permeable throughout its depth on few .40 AE 0.13 n = 103 À1.78 AE 0.14 n = 103 2224 AE 8 n = 8 2329 AE 10 n = 10 2.07 AE 0.05 n = 101 29.7 AE 0.7 n = 100 <0.05 a Concentrations are given as means AE 1s (when available) in mmol kg À1 . b July 1992 (winter), January 1993 (summer) [Hoppema et al., 1995] . c January 1991 (summer), April 1992 (autumn) [Gleitz et al., 1995] . d April 1996 [Hoppema et al., 1999] . 
Brine
[14] The sackhole depths ranged from 15 to 66 cm from the ice-snow interface. The salinity (range: 58 to 134, n = 126) and temperature (range: À3.6 to À8.7 C, n = 126) of the brines have been presented and discussed in Norman et al. [2011] . Comparison of sackhole brine temperature with the independently measured distribution of temperature with depth in the ice (Figures 2a-2d ) suggests that the brines should have originated in the coldest upper half of the ice floes, where the impermeable ice layers were located (Figures 2i-2l) . Figures 2a-2d indicates the ice -snow interface, with ice temperature measurements plotted on the positive depth axis and snow temperature measurements plotted on the negative depth axis. The vertical line in Figures 2i-2l represents the threshold porosity of 5% from impermeable to permeable sea ice. , n = 28). In the majority of the samples, the salinity-normalized concentrations yielded a relative deficit, with a mean (AE1s) Ds[A T ] = À192 AE 203 mmol kg À1 (range: À893 to À16 mmol kg
À1
, n = 84).
Discussion
Dissolved Inorganic Carbon Sinks in Sea Ice
[17] The mass balance of total dissolved inorganic carbon in sea ice brine is controlled by photosynthetic production of microorganisms, by respiration of all sea ice biota, by CaCO 3 mineral precipitation and dissolution, and by CO 2 degassing and uptake. Photosynthesis, CaCO 3 precipitation, and CO 2 degassing lead to a C T concentration deficit relative to the C T concentration in the surface oceanic water at the time of brine formation during seawater freezing, while respiration, CaCO 3 dissolution, and CO 2 uptake cycle carbon back into the C T pool from the organic, mineral, and gaseous phases, respectively. The observed s[C T ] is the result of a combination of some or all the above processes, leading to either a net deficit or excess relative concentration in the evolving sea ice brine. The observations were obtained during the transition from winter to spring over a large geographical expanse in the Weddell Sea, a rare opportunity in terms of space and time for sea ice studies. The ice temperature, salinity, and V b /V profiles (Figure 2 ) also illustrate this transition from the cold and impermeable ice conditions during winter to the warm and permeable conditions typical of summer sea ice [Geilfus et al., 2012] . The majority of the brine samples (92%) yielded a deficit in s[C T ], as was also the case in sea ice brines and surface gap layers in late austral spring and early austral summer [Papadimitriou et al., 2007 Munro et al., 2010] . The maximum deficit observed here was equivalent to 55% of s[C T ] SSW . The observations indicate that the C T -consuming processes dominated the concentration changes seen during the winter to spring transition. On these occasions, therefore, the mass balance for the observed deficit in s Table 1 for definitions), can be formulated as the sum of the fractional deficits caused by net photosynthesis (DC P ), net CaCO 3 mineral precipitation (DC ppt ), and degassing of the dissolved CO 2 in the brine (DC degas ), i. e., Ds[C T ] = DC P + DC ppt + DC degas . To quantify the fractional contribution of each of the processes to the inorganic carbon cycle in sea ice, each fractional deficit is derived in the subsequent sections using the observed s [SRP] [Gleitz et al., 1995; Papadimitriou et al., 2007] . On most occasions, the brines were deficient in these macro-nutrients and s[C T ], with co-dependent concentration changes forming a central trend with a linear slope similar to the Redfield stoichiometry for inorganic nutrient uptake during photosynthesis, based on the major element quota of pelagic phytoplankton (C:N:P = 106:16:1 [Redfield et al., 1963] ) (Figure 4) . The effect of autotrophic activity on the chemical composition of sea ice has been commonly observed in studies of sea ice habitats conducted from early summer to early autumn, where active sympagic micro-algal communities are common [Fritsen et al., 1994; Gleitz et al., 1995; Kennedy et al., 2002; Papadimitriou et al., 2007 Papadimitriou et al., , 2009 . However, the closeness of the chemical changes to the Redfield stoichiometry observed here was not evident in sea ice brine studies later in summer [Gleitz et al., 1995; Papadimitriou et al., 2007] . In this study, the imprint of autotrophic activity was derived from the upper part of the ice column, away from the concurrent chlorophyll (as a proxy for autotrophic biomass) maximum. Moreover, photosynthetic parameters measured by Pulse Amplitude Modulation (PAM) fluorometry in selected ice stations suggested moderate autotrophic activity in bottom and internal sympagic micro-algal communities at the time of the study [Meiners et al., 2009] . In light of this, it is conceivable that, at least, part of the photosynthetic imprint on the major dissolved inorganic nutrient concentrations in the brines discussed here was a relic of an autumn bloom when and where the sea ice had formed. [19] On the few occasions when s[SRP] enrichment was observed in the brines relative to the surface oceanic water, there was also relative enrichment in the s[C T ] and s [NH 4 + ] concentrations in the brine but not in the s [NO 3 À ] concentration (Figure 4 ). On these occasions, the observed accumulation of dissolved inorganic metabolites in the brine in excess of their surface seawater concentrations suggests remineralization via utilization of particulate and dissolved organic substrates that had become trapped in the ice prior to brine channel isolation. Moreover, it appears that, in those cases, organic nitrogen metabolism resulted in ammonium regeneration (ammonification) rather than NO 3 À regeneration via nitrification of the regenerated NH 4 + .
[C T ], Ds[C T ] = s[C T ]-s[C T ] SSW (see
[20] The fractional contribution of photosynthesis to the observed s[C T ] deficit is defined as
The f P can be calculated from the NO 3 À deficit because À may be less affected than SRP by remineralization and should thus be a more reliable indicator of net photosynthetic activity on these occasions, and it is adopted as such in this study. Thus, the NO 3 À -based f P is used hereafter, which ranged from 0.00 to 1.00 (Figure 5a) , with a mean (AE1s) of 0.41 AE 0.27 (n = 107). The f P NO 3 À range indicates that (net) photosynthetic activity can drive up to 100% of the observed sC T deficit in the brine.
[21] The Ds[C T ] was variable; using it as, effectively, a normalizing factor of the also variable fractional deficits in the mass balance calculations for C T (equation (1)) illustrates the relative strength of each inorganic carbon-consuming process on each occasion. To compare the magnitude of the fractional deficits across all available samples, the salinitynormalized concentration of C T in surface seawater is used as a constant and common denominator. Hence, expressing the calculated DC P as a fraction of s[C T ] SSW yielded f P/SSW = DC p s½C T ssw = 0.00-0.09. The f P/SSW range indicates that, although photosynthesis can be responsible for up to 100% of the C T deficit in individual sea ice brines (i.e., f P = 1.00), this photosynthetic deficit will not exceed an upper limit equivalent to 9% of the surface oceanic C T concentration (i.e., f P/SSW = 0.09), corresponding to the occasions when brines were depleted of NO 3 À . This maximum value is therefore imposed by nutrient availability, which can be limiting in a porous medium with seasonally restricted capacity for replenishment of solutes by exchange with surface seawater.
Carbonate Mineral Precipitation and CO 2 Degassing
[22] The total alkalinity in the oceans is mostly controlled by the formation-dissolution cycle of CaCO 3 minerals, and one of the diagnostic stoichiometric relationships is that between the A T and C T in solutions which are in contact with CaCO 3 . The process in circum-neutral pH conditions is described by the equilibrium reaction, Ca 2+ + 2 HCO 3 À ↔ CaCO 3 + CO 2 + H 2 O, with concurrent decrease in the concentration of A T and C T during precipitation, and vice versa during dissolution, at a molar ratio, DA T :DC T = 2. Biological activity has, in comparison, an almost negligible effect on A T, primarily via nitrate cycling, with DA T :DC T = À0.16 [Lazar and Loya, 1991] .When CO 2 degassing is the sole process affecting the CO 2 system, then DA T = 0.
[23] The current observations include s[A T ] deficits on several occasions (Figure 3d ), which co-vary with the s[C T ] deficits along a central trend with a positive slope of 0.7 AE 0.1 (r linear = 0.911, n = 120), implying the presence of CaCO 3 mineral phase(s) in the brines (Figure 6 ). The shift of this trend from a solely CaCO 3 -influenced DA T to DC T molar ratio of 2 toward both DA T = 0 and the barely discernible trend with a slope equivalent to a DA T :DC T = À0.16 can be understood as the varying influence of CO 2 degassing and photosynthesis, respectively. A similar trend was observed also in late winter and spring at several ice stations in the Beaufort Sea in the Arctic region, leading to an analogous conclusion [Geilfus et al., 2012] .
[24] Based on the above, it appears that CaCO 3 formation had some influence on the CO 2 system in the sea ice brines studied here. Ikaite (CaCO 3 Á6H 2 O) was identified as the mineral product of this process at various depths in sea ice in companion cores at some of the ice stations by Dieckmann et al. [2008] . The exact brine composition where the mineral was found is not known, but the adjacent sackholes yielded brine with A T and C T deficits distributed throughout the observed range of deficits in these parameters. This mineral phase is predicted to begin to precipitate at À5 C in sea ice brines at equilibrium with a pCO 2 = 364 matm [Marion, 2001] , with an inverse relationship between the temperature of onset of precipitation and brine pCO 2 [Papadimitriou et al., 2007] . Specifically, as the degree of saturation of a solution with respect to CaCO 3 minerals is a function of the concentration of CO 3 2À and, by extension, of the pH and pCO 2 of the solution, the temperature field of ikaite precipitation and stability in sea ice brines can extend well above the À5.0 C threshold in low pCO 2 (i.e., alkaline pH) conditions. This situation will be aided by biological inorganic carbon uptake, which can drive the pCO 2 of sea ice brines to as low as 100 matm or lower [Delille et al., 2007; Papadimitriou et al., 2007] . This is consistent with the systematic photosynthetic effect evident from the dissolved inorganic macro-nutrients (Figure 4) .
[ f ppt between 0.00 and 0.42 (Figure 5b ) with a mean (AE1s) of 0.18 AE 0.14 (n = 102), indicating an upper limit for the net fractional C T deficit via CaCO 3 precipitation, equivalent to 42% of Ds[C T ]. The f ppt/SSW range from 0.00 to 0.20 indicates that net CaCO 3 precipitation can result in the removal of a maximum amount of C T from the sea ice brines equivalent to 20% of s[C T ] SSW .
[26] Following the determination of f P and f ppt above, the fractional contribution of CO 2 degassing to Ds[C T ] can be calculated as f degas = 1-f P -f ppt , yielding a range from 0.00 to 1.00 (Figure 5c) , with a mean (AE1s) of 0.41 AE 0.22 (n = 102). Similarly to f P, , CO 2 degassing appears to have driven up to 100% of the s[C T ] deficit in the brines on occasion, and was responsible for the removal of a maximum amount of C T from the sea ice brines equivalent to 26% of s[C T ] SSW (i.e., f degas/SSW range from 0.00 to 0.26).
[27] This analysis shows that either net photosynthetic activity or CO 2 degassing dominated C T -consumption in sea ice brines by driving more than 50% of the observed s[C T ] deficits on several occasions, while net CaCO 3 precipitation always accounted for less than 50% of Ds[C T ] ( Figure 5 ). However, viewed relative to the stable parameter of s[C T ] SSW , the largest deficits were always associated with CaCO 3 precipitation and CO 2 degassing, because the magnitude of the photosynthetic C T deficit is limited by the size of the inorganic nutrient pool. In other words, s[C T ] deficits in excess of 200 to 300 mmol kg À1 could only have been driven by CO 2 degassing and CaCO 3 precipitation. The inorganic carbon deficits exhibited large spatial variability, even within 1 m 2 of an ice floe, and there was no discernible geographical pattern ( Figure 5 ). Further, there was no relationship with brine temperature, a key variable in CO 2 degassing and CaCO 3 precipitation, controlling gaseous and mineral equilibria along with salinity [Marion, 2001; Papadimitriou et al., 2004] . This, however, is not altogether unexpected in opportunistic sampling, with the averaging out of properties in bulk samples.
Implications for the CO 2 Flux in Sea Ice-Covered Oceans
[28] The role of biological production in the carbon budget of ice-covered oceans has held the attention of polar scientists for several decades. Photosynthetic activity requires light, nutrients, and the warmer end of the temperature spectrum in sea ice. It decreases dramatically the dissolved CO 2 in the sea ice aqueous habitats [Kennedy et al., 2002; Delille et al., 2007; Papadimitriou et al., 2007 Papadimitriou et al., , 2009 ] and thus generates a negative pCO 2 gradient from the atmosphere toward the sea ice, potentially leading to a pCO 2 invasion, sea ice permeability allowing [Geilfus et al., 2012] .
[29] In comparison, CO 2 degassing and the CaCO 3 mineral cycle, although endemic in natural sea ice, are poorly documented. The effect of these abiotic processes on the air-sea CO 2 cycling in the sea-ice-covered polar regions will depend on whether the dissolved inorganic carbon deficits, which they cause, result in transport across the sea ice column through the microscopic brine channel system toward the iceseawater and the ice-air interfaces. The timing of the dissolved inorganic carbon loss via these processes within the physics of the sea ice formation-decay cycle is crucial in this respect. The following reasoning is offered as an example along these lines.
[30] The sampled brines originated in the upper ice layers, which were impermeable at the time of sampling in most ice stations (Figures 2i-2l ) and even more so in the previous winter months at colder temperatures and lower ice permeability. This suggests that the brines had been isolated, representing a closed system, for some period in their thermal history after sea ice consolidation. If the s[C T ] deficits connected with CO 2 degassing and CaCO 3 precipitation occurred solely during the period of cold temperatures and minimum ice permeability, when the brine channels were isolated from the ocean and the atmosphere, they should reduce in magnitude during the decay phase of sea ice via warming up and melting by the reverse processes of respiration, CO 2 solution, and CaCO 3 dissolution. In this way, the effect of the abiotic C T consumption on air-sea exchange during the period of increasing connectivity across the ocean-ice-air system later in the warming spring-summer season will lessen. In short, a deficit in C T in sea ice is a transient feature; its magnitude in cold brines in the impermeable upper parts of sea ice may not translate in an instantaneous or steady state carbon transport through the sea ice column along a chemical gradient.
[31] The effect of CaCO 3 mineral dynamics will thus depend on whether their precipitation-dissolution cycle in sea ice is closed, beginning and ending in the brine channels. The degassing of brine CO 2 , however, has two distinctive components during the formation and consolidation stages of sea ice. One component occurs during the early stages of sea ice formation and growth at maximum connectivity with the atmosphere and the ocean, as seen experimentally [Killawee et al., 1998; Papadimitriou et al., 2004] . The inorganic carbon lost to gas bubbles at the ice-seawater interface at this initial stage of sea ice formation will be viable to exchange with the atmosphere. This loss will be associated with gross sea ice production and will be further modulated by the hydrodynamics near the ice-seawater interface [Killawee et al., 1998; Loose et al., 2009] , resulting in CO 2 evasion, as observed in leads and polynyas [Else et al., 2011] . The second component of CO 2 degassing will be associated with the disequilibrium, as CO 2 supersaturation, generated by physical concentration and CaCO 3 mineral precipitation in the internal brines during the growth and consolidation stage of sea ice. The CO 2 thus lost to internal gas bubbles will give rise to an internal CO 2 gradient, which can facilitate air-sea exchange through sea ice [Loose et al., 2011b] .
[32] The current observations show that the sea ice cover is a potent carbon reactor. All three major oceanic carbon cycling processes, i.e., biological productivity, CaCO 3 mineral reactions, and CO 2 gas exchange, occur in the elaborate, physically and chemically dynamic brine channel system of sea ice. The associated net concentration deficits of dissolved inorganic carbon can support CO 2 fluxes among the sea, the sea ice, and the atmosphere, which are beginning to be documented in the sea-ice covered seas [Else et al., 2011; Miller et al., 2011; Geilfus et al., 2012] . This and the sizable polar-ocean-wide budget in the peta-gram range from the tentative and conservative scaling-up of similar calculations in Munro et al. [2010] makes the elucidation of these processes in sea ice clearly worth pursuing.
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